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Abstract
The 14-3-3 (YWHA) proteins are homologous, ubiquitous, and conserved in most organisms
ranging from plants to animals and play important roles in regulating key cellular events such as
cell signaling, development, apoptosis, etc. These proteins consist of seven isoforms in
mammals, termed under Greek alphabetization: beta (β), gamma (γ), epsilon (ε), eta (η), tau/theta
(τ), sigma (σ), and zeta (ζ). Each of these isoforms can interact with a plethora of binding
partners and has been shown to serve a distinct role in molecular crosstalk, biological processes,
and disease susceptibility. Protein 14-3-3 isoforms are scaffolding proteins capable of forming
homodimers and heterodimers in mammalian cells. The dimerizing abilities of these isoforms
have helped the understanding of their importance in mammalian cells. This article provides a
comprehensive review encapsulating the functional influence of the 14-3-3 isoforms in various
species, cells, tissues, organs, developmental stages, and disease states within mammals.
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Introduction
Functionality is an important factor in the understanding of mammalian organisms’ physiology.
There is an abundance of protein isoforms that affect the functionality of mammalian organisms
across various species. The 14-3-3 (Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase
Activation protein) was initially discovered in brain tissues by Moore and Perez (Aitken, 2006).
This family of proteins has been shown to constitute seven isoforms in mammals (Muslin et al.,
1996). The seven 14-3-3 isoforms present in mammals have been classified under Greek
alphabetization: 14-3- 3 beta(β), gamma(γ), epsilon(ε), eta(η), tau/theta(τ), sigma(σ), and zeta(ζ).
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The structural overview of 14-3-3 indicates that these proteins are capable of forming
homodimers and heterodimers, which can interact with a multitude of other proteins. The
structure of these proteins plays an essential role in their function. Every monomer of 14-3-3
possesses a similar helical structure and produces a conserved, amphipathic, and concave groove
which associates with target proteins, particularly through phosphoserine/phosphothreoninecontaining motifs, that can influence cell division, apoptosis, and differentiation in mammalian
species (Rittinger et al., 1999).
The highly conserved protein, 14-3-3, through its seven isoforms, regulates several
cellular functions and processes. In this review, we will analyze the functional significance of
each of the 14-3-3 isoforms within mammalian species, tissues, and developmental stages. We
will highlight the roles of each isoform primarily in Homo sapiens (humans) and Mus musculus
(mouse), in addition to other mammalian species. The functions in apoptosis, phosphorylation,
cell cycle control, and binding of each isoform with other proteins/factors will also be discussed
in this review. Protein 14-3-3 isoforms are associated with regulation of diverse diseases in
Homo sapiens; these connections will be reviewed in greater depth.

Functions of 14-3-3 Proteins in Various Mammalian Species
The isoforms of 14-3-3 protein are homologous in nature. When comparing each of these
isoforms amongst species, it is apparent that Homo sapiens and Mus musculus are comparable in
terms of molecular function, biological processes, and canonical sequence. The similarity in 143-3 isoforms’ function between Homo sapiens and Mus musculus can be attributed to the
comparable synteny and homologous genes of mutuality in both species (Monaco et al., 2015).
The seven mammalian isoforms of 14-3-3, viz. β, γ, ε, η, τ, σ (stratifin or SFN), and ζ, are all
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found as scaffolding proteins and function as ligand binders using a phosphoserine or a
phosphothreonine motif in both the featured species (Cornell & Toyo-Oka, 2017).
Protein 14-3-3β inhibits the transcription of osteogenesis and signaling pathway in Homo
sapiens and Mus musculus. The 14-3-3β isoform is found in the cytoplasm of Homo sapiens and
Mus musculus as homodimers and heterodimers. Ror2 is a protein receptor expressed in the
featured species that are responsible for chemical signaling between cells; research has shown
that the Ror2 receptor phosphorylates 14-3-3β (Liu et al., 2007). This phosphorylation has shown
that the β isoform is a direct substrate to Ror2 which functions to prevent osteogenic
differentiation of human Mesenchymal Stem Cells (hMSCs). In Mus musculus, it is seen that 143-3β behaves as an inhibitor of osteoblast number and action. Isoform 14-3-3β is a negative
regulator of osteogenesis bound to TAZ (protein-coding gene) in both the featured species. This
binding regulates cellular localization of osteogenic differentiation factors (Liu et al., 2007).
Research indicates that the 14-3-3β isoform has been isolated in Ovis aries (sheep); it was
determined that there were high levels of expression of the β isoform in the brain of the species
which inhibit the protein kinase C (PKC) in the cell (Wheeler-Jones et al., 1996).
The 14-3-3γ isoform functions as a murine double minute X (MDMX)-regulator in the
presence of UV radiation exposure in Homo sapiens. This isoform has been shown to activate
p53 through the repression of MDMX function in Homo sapiens and Mus musculus. MDMX is
an oncoprotein known for its ability to bind to the p53 tumor suppressor protein. This
oncoprotein has been shown to bind to 14-3-3γ with a high affinity. Research has stated that
Chk1 UV radiation exposure activates the interaction between 14-3-3γ and MDMX in vitro. The
interaction between the isoform and MDMX had led to the understanding that the γ isoform
performs to complete G1 arrest and p53 activation by binding to MDMX phosphorylated by
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Chk1 (Jin et al., 2006). The 14-3-3γ isoform has also shown significant expression in the spinal
fluid of Bovinae affected by prion disease (Chaudhri et al., 2003).
Protein 14-3-3ε allows the process of transcription to occur with Heat Shock Factor 1
(HSF1) from the nucleus to the cytoplasm in Homo sapiens and Mus musculus. The binding of
HSF1 to 14-3-3ε occurs in the cytoplasm and functions to prevent transcription of HSF1. The
HSF1 is a transcriptional factor present in mammalian cells that is critical in the development
and stress response of an organism. Protein 14-3-3ε isoform associates to the regulatory domain
of HSF1 and leads to the inhibition of HSF1. Research has indicated that the binding of ε to
HSF1 inhibits its functions and prevents the transcription of proteins compulsory for folding and
unfolding macromolecular structures during the featured species’ developmental growth (Wang
et al., 2003). The presence of 14-3-3ε has been confirmed in Rattus norvegicus (brown rat), the ε
protein amplifies the activity of the EAG K+ channel (Hsu et al., 2012).
Protein isoforms 14-3-3η and 14-3-3τ perform identical functions in both species. These
isoforms prevent the transcription of 3-Phosphoinositide-dependent protein kinase-1 (PDK1)
phosphorylation in Homo sapiens and Mus musculus. Protein 14-3-3η and τ have identical
interactions in mammalians. Research indicates that these isoforms prevent gene expression of
PDK1 via the development of a complex. The PDK1 gene is an enzyme responsible for
carbohydrate fuel homeostasis regulation in mammalians. The η and τ isoforms of 14-3-3
interact with PDK1 through protein-protein interaction, these are the only isoforms from the 143-3 protein family that, in vitro, bind to PDK1. However, it is seen that 14-3-3τ has a greater
affinity to PDK1 than 14-3-3η. To indicate the function of 14-3-3η and τ in PDK1 inhibition,
researchers transfected Myr-Akt protein with cDNA from 14-3-3η and τ and were able to
determine that these isoforms repress PDK1 phosphorylation and its binding is essential in signal
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transduction (Sato et al., 2002). Proteins 14-3-3η have also been identified in the brains of
Murinae experiencing neurodegeneration (Baxter et al., 2002). Studies have shown that 14-3-3τ
functions with upward regulation in Rattus norvegicus (brown rat) post hypoglossal nerve injury
(Shimada et al., 2013).
The 14-3-3ζ isoform functions as a regulator and protein binder in both the species. The
functions of the seven 14-3-3 isoforms in Homo sapiens, Mus musculus, and Rattus norvegicus
are extensive and play a critical role in the regulation of several biological processes. Research
has shown that the phosphorylation of 14-3-3ζ isoform in human embryonic kidney cells may be
linked to its function of protein complex formation regulation and signal transduction. It has also
been identified that the ζ isoform exhibits prolific phosphorylation at the Casein Kinase I site.
The phosphorylation of 14-3-3ζ prevents interrelation with Raf proteins and other proteins
essential for differentiation, cell survival, and cell growth in Homo sapiens and Mus musculus
(Dubois et al., 1997). Protein 14-3-3ζ has also been shown to play a crucial role in cell signaling
and cytoskeletal rearrangements of Mus musculus (Angrand et al., 2006).

Functions of 14-3-3 Proteins in Mammalian Cells, Tissues, and Organs
Each of the seven 14-3-3 isoforms have been studied and detected across various mammalian
species. It has been determined that this protein family displays its greatest rate of expression in
the brain; although it is found in all cell types. The 14-3-3ε isoform has shown high levels of
expression in the testes, adipocytes, and lymphocytes of Homo sapiens. Studies have shown that
each isoform functions vary depending on tissue presence. Protein 14-3-3γ is noted to be
expressed in embryonic stem cells, skeletal muscle, and the heart of Homo sapiens. Research has
determined that the ε and γ isoforms behave as negative regulators in Leydig cells during the
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formation of androgen. Protein 14-3-3τ has been indicated to have an affinity for endothelial
cells while 14-3-3σ has shown high specificity for T cells (Aghazadeh et al., 2015). The 14-3-3β
isoform has shown expression in keratinocytes (Leffers et al., 1993). Protein 14-3-3η has been
found in the joints of Homo sapiens and indicated to function as an up regulator of cytokines and
enzymes (Carrier et al., 2016). The ζ isoform is known for its presence in the lungs of Homo
sapiens, it has been inferred that the ζ isoform may be essential in its standard function (Qi et al.,
2005). An intermediate filament protein, keratin 17 (K17) which is induced quickly in stratified
epithelia that are wounded, interacts with 14-3-3σ, thereby regulating cell growth (Kim et al.,
2006).

Functions of 14-3-3 Proteins in Mammalian Developmental Stages
The seven isoforms of the 14-3-3 proteins are essential in a multitude of developmental stages in
mammals. Research has shown that these isoforms are crucial in the regulation of the cell cycle,
metabolism, apoptosis, intracellular protein trafficking, and cell signaling. Each of these proteins
interacts differently depending on which mammalian species in which they are present
(Aghazadeh et al., 2015). Cell cycle in mitotic and meiotic cells as well as other cellular
processes are governed by 14-3-3; multiple isoforms of 14-3-3 have been detected in various
developmental stages of adult mouse ovaries, oocytes, and eggs (De, 2014; Santanu De, Shawn
Davis, et al., 2012; De & Kline, 2013; Santanu De & Douglas Kline, 2014; Santanu De &
Douglas Kline, 2014; De, Marcinkiewicz, et al., 2011; S. De et al., 2012; De, Villarreal, et al.,
2011; Eisa et al., 2019) as well as testis and sperm (Eisa et al., 2020; Puri et al., 2011; Puri et al.,
2008). Over 200 binding partners of 14-3-3 in mouse oocytes and eggs have been identified, a
notable one of which is the M-phase inducer phosphatase 2 (CDC25B) (De & Kline, 2011; De,
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Reese, et al., 2011; Santanu De, Angela Reese, et al., 2012a, 2012b; Detwiler et al., 2015).
Reproduction in several other mammalian species and cell-types also is regulated by 14-3-3
proteins (De, 2020a). Furthermore, the 14-3-3 proteins underlie signaling and development in
many non-mammalian species such as the fruit-fly or Drosophila melanogaster (De, 2020b), and
are differentially expressed with species-specific, isoform-specific, tissue-specific, and
developmental stage-specific localizations in most mammals (Neha Kumrah & Santanu De,
2020; Neha Kumrah & Santanu De, 2020).

The 14-3-3 Proteins in Regulating Diseases within Mammals
The seven isoforms of protein 14-3-3 have been linked to various forms of disease in mammals.
Research indicates that these protein isoforms function in neurodegenerative and
neuropsychiatric diseases. Bipolar disorder is a mental illness associated with depression and
heightened mood fluctuations. Schizophrenia is also a psychiatric disorder that affects a person’s
mood, increases depressive and mania feelings, and leads to hallucinations. It has been noted that
14-3-3η single nucleotide polymorphisms have a significant presence in the 22q12-13
chromosomal region of individuals diagnosed with schizophrenia and bipolar disorder. Genetic
and mRNA research has indicated that 14-3-3ε, and ζ isoforms play a role in the vulnerability of
individuals with schizophrenia. Protein isoforms 14-3-3ε, σ, and ζ have shown decreased mRNA
levels in the brains of individuals with bipolar disorder. Further information on this can be found
within an article on 14-3-3 proteins in neurological disorders (Foote & Zhou, 2012).
The 14-3-3 proteins also show a presence in various forms of cancer. Studies have
indicated that 14-3-3ζ is overly expressed in patients with breast, lung, and other cancers. This
overexpression has been linked to the capability of 14-3-3ζ and other isoforms allowing
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chemoresistance (Bergamaschi et al., 2011). Protein 14-3-3γ isoform has been indicated for its
relation to prion disease in various species. Bovine systems have been shown to contain a
substantial amount of 14-3-3γ in their spinal fluid. This isoform can be researched in greater
depth to confirm its correlation with prion diseases (Chaudhri et al., 2003).
Protein 14-3-3σ inhibits tumor growth by positively regulating p53 and protecting it from
ubiquitination and degradation mediated by mouse double minute 2 homolog (MDM2) (Yang et
al., 2006; Yang et al., 2003). Caspase 8/10-associated RING (CARP) proteins are ligases that
target p53 for degradation in mammalian cells. When the CARP2 protein interacts with 14-3-3σ
it leads to the stabilization of MDM2. MDM2 is a protein present in Homo sapiens and Mus
musculus that inhibits the process of transcription of the p53 tumor suppressor. Since 14-3-3σ
functions to activate p53 in mammalian cells following DNA damage, caspase 8/10-associated
‘really interesting new gene’ or RING proteins 2 (CARP2) degrade this isoform to stabilize
MDM2 (Yang et al., 2008).

Discussion
Supported by a wide range of research, numerous experimental evidences have determined that
the 14-3-3 proteins are essential in the regulation of a multitude of mammalian species,
cellular/physiological processes, and developmental stages (Barley & De, 2020). Each of the
seven mammalian 14-3-3 isoforms exists as homodimers and heterodimers that bind to proteins
necessary for cell differentiation and growth. Several research investigations on the significance
of each of the isoforms have confirmed the presence, role, and disease-inducing factors
associated with the isoform in several mammalian species. This review summarizes key
functional impacts of these proteins in a wide variety of cells, tissues, organs, developmental

Published by NSUWorks,

9

Mako: NSU Undergraduate Student Journal, Vol. 2021 [], Art. 2

stages, and disorders within several mammalian species. Further studies on the isoform-specific
functions of 14-3-3 will enhance the understanding of the centrality of these critical regulatory
proteins in mammalian systems and may assist the diagnosis, prognosis, and/or treatment of
relevant disorders.
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